Sol-gel synthesis and densification of aluminoborosilicate powders. Part 2: Densification by Bull, Jeffrey et al.
NASA Technical Memorandum 103969 ;'_k
Sol-Gel Synthesis and
Densification of
Aluminoborosilicate Powders
Part 2-Densification
Jeffrey Bull, Guna Selvaduray, and Daniel Leiser
(_'-_A_ A- l'_- 10 3969) SOL-G_L SYNTHF- S IS
A_D dE_SIFICATION OF
ALijMI_C_jp_3SILICATr_ POWq_RS. PAP, T
2: r_E'4L,TFICATIJN (NASA) 25 P Uric1 _s
G3/23 Ol _'C_3F, I
September 1992
National Aeronautics and
Space Administrat_n
https://ntrs.nasa.gov/search.jsp?R=19930003708 2020-03-17T10:33:43+00:00Z

NASA Technical Memorandum 103969
Sol-Gel Synthesis and
Densification of
Aluminoborosilicate Powders
Part 2-Densification
Jeffrey Bull, Ames Research Center, Moffett Field, California
Guna Selvaduray, San Jose State University, San Jose, California
Daniel Leiser, Ames Research Center, Moffett Field, California
September 1992
NASA
NationalAeronauticsand
Space Administration
Ames Research Center
Moffett Reid, California 94035-1000

SOL-GEL SYNTHESIS AND DENSIFICATION OF
ALUMINOBOROSILICATE POWDERS
PART II--DENSIFICATION
Jeffrey Bull, Guns Selvaduray,* and Daniel Leiser
NASA Ames Research Center
Summary
Aluminoborosilicate(ABS) powders, high in alumina
content, were synthesized by the sol-gelprocess uti-
lizingfour di_erent methods of synthesis. The ef-
fectofthese methods on the densificationbehavior of
ABS powder compacts was studied. Five regionsof
shrinkage in the temperature range 25--1184°C were
identified.In these regions,the greatestshrinkageoc-
curred between the gel-to-glasstransitiontemperature
(Ts _835°C) and the crystallizationtransformation
temperature (Tt _ 900°C). The dominant mechanism
of densificationin thisrange was found to be viscous
sintering.ABS powders were amorphous to X-rays up
toTt atwhich a multiphasicstructurecrystallized.No
2A12Os-B2Oz was found in thesepowders as predicted
in the phase diagram. Above Tt densificationwas
the resultof competing mechanisms including grain
growth and boria fluxed viscous sintering.Apparent
activationenergiesfor denstfi"cstionineach regionvar-
ied according to the method ofsynthesis.
Introduction
AlumJnoborosilicate (ABS) powder, high in alu-
is an attractive choice for application in high-
temperature materials. It may be used as a boria
(B203) diffusion source in the fabrication of _lica.-
base fibrous thermal insulation to promote silica fiber-
to-fiber bonding. When used ms such, it is desirable
that the boria exists as a fugitive component, so that
after processing :::_ aluminosih'cate w, thereby
enhancing the temperature resistmnce of the resultant
system. Recent studies of gel-derived silicates lmve
found that they densify via several di_erent mech-
anisms. Brinker and Mulmrjee (tel I) showed that
"San Jose State University, San Jose, California.
there were at least three densification mechanisms op-
erative during the gel-to-glass transition of monolithic
multicomponent gels: volume relaxation, condensa-
tion reactions, and viscous sintering. It has been
suggested (refs. 2 and 3) that molecular-structural
variationsinduced during the sol-gelsynthesisof an
inorganic polymer can influenceits thermochemical
and thermomechanical propertiesand hence itshigh-
temperature behavior, e.g., structure, viscosity, and
sinterability. Hence, the sol-gel synthesis of alumi-
noborceih'cate powder may provide a material with the
requisite properties. Therefore a study was initiated
to synthesizealuminoborosilic_te(ABS) powders uti-
lizingseveral variations of the sol-gel process and to .
ascertain the effect of those methods on powder prop-
erties and deusification behavior.
Several methods of synthesizing ABS powders, with
the tsxget composition of 62 wt% AI20__/ 14 wt%
B203/ 24 % Si02, via the sol-gel process have re-
cently been reported (ref. 4). It was found that the
method of synthesis affected particle size, morphol-
ogy, and -ompaction trends. Thermochemically, the
powde_ were quite similar with nearly equal weight
lore _ries and exhibiting a Ts of approximately
835°C. An exothermic reaction occurred at approxi-
mately 90_C for all powders and was attributed to a
crystadlim _.ransformation. The powders were amor-
phous by powder X-ray diffraction (XRD) below this
temperature. This study focuses on the effect that
them methods of synthesis had on the thermal densi-
rication behavior.
Experimental
DetailsofABS powder synthesesand subsequent com-
pactionare presented in an earlierpaper (ref.4). Two
synthesis methods were used, each utilizing two dif-
ferent alumina precursors. These were designated
I.ABS.1 for Method I using aluminum isopropoxide
(AIP), I.ABS.2 with aluminum secbutoxide (ASB),
and II.ABS.1 and II.ABS.2 for Method II using AIP
and ASB, respectively.
A flow diagram depicting the poet synthesis process-
ing of the powders is shown in figure 1. After dry-
ing, the powders were ground with a porcelain mor-
tar and pestle and then precalcined at 600°C for 2 h
in flowing mr. Elemental analysis of the powders at
this stage of processing showed that the composition
totaled _ 87 wt% metal oxides. The precalcined pow-
der was sievedthrough an 80-mesh sieveand any ag-
glomerates not able to freely pass through the screen
were ground again. Two passes were all that were
required. Powder compacts were formed by dry press-
ing in a carbon steeldie which was sprayed with zinc
stearate for lubrication. Powder compact weights and
dimensions were measured and bulk densities calcu-
lazed. Apparent densitywas calculatedfrom the pre-
viously recorded weight and apparent volume obtained
from helium pycnometry. The powder compacts were
then individually placed in a horizontal dilatometer for
thermal dilatometric analysis ('IDA). Both isothermal
and constant heating rate (CHR) experiments were
conducted on the powder compacts in air. Corrections
for thermal expansion due to system (alumina) and
sample expansion were applied to the raw data dur-
ing conversion to engineering units. A value of 3.8 X
10-e/°C over the temperature range 25°C-700°C was
experimentally determined to be the linear coefllcient
of thermal expansion (LCTE) for the ABS powder
compacts. Immediately after each run, bulk and ap-
parent densities were me_mured before additional char-
acterizstion.
After heat treatment, representative powder compacts
were ground to a fine powder and 100 mg of this
powder were dissolved in a dilute HF/HNOs solu-
tion for elemental smdysis using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). The
remaining powder from each sample was used for in-
frared spectroscopy (IR) utilizing the potassium bro-
mide (KBr) disc method and also for XRD employing a
CuKa radiation source. Vickers microhardne_ testing
was done on a representative powder compact using a
diamond indenter and an applied load of 1 kg. Scan-
ning electron microscopy (SEM) was used to examine
the morphology of powder compact fracture surface.
Results
Dllatometry
Linear shrinkage (AL/Lo) in the ABS powder com-
pacts was characterized by five major regions of shrink-
age (fig. 2) when subjected to CHR (5°C/rain.) con-
ditions. These regions were designated A-E for low
to high temperatures. Region A covers room temper-
ature to 100°C, region B from 100-400°C, region C
from 400-800°C, region D from 800 to about 900°C,
and finally region E from about 900-1184°C.
Several temperatures in regions B-E were selected
for isothermal TDA. Representative linear shrinkage
vs. time and the corresponding leg-log plots for
regions B--E are shown in figures 3--6, respectively.
The time dependence of linear shrinkage can usually
be described in the form of a parabolic rate law ex-
pressed as
AL
L-"_= Kt" (1)
where K isa materialconstant,t istime, and n isthe
coefficientof shrinkage (refs.5 and 6). Hence, n can
be found from the slopeofa Iog(AL/Lo)vs.logtplot.
These valuesand theirapplicableregionsare given in
table1. Itwas determined that allABS powder com-
pacts densifiedby viscousflow in region D sincethe
initialvaluesofn forshort times (t _<10 rain)in this
region was _ 1. Accordingly then, the Frenkel model
is applicable for this region (ref. 7). Linear shrink-
age plots of this regionare characterizedby an initial
high rate of shrinkage, gradually tapering off according
to the sintering temperature and method of synthesis.
As the curves in these figures suggest, n gradually de-
creased, in some cases to almost zero with increasing
time. Figure 7 shows the variation in shrinkage of
the ABS powder compacts for temperatures within re-
gious C-E. The powder compacts in thisfigureshow
the densification behavior presented thus far.
Compositional and Structural Evolution
Weight loss occurred during the densificationof ABS
powder compacts although therewas no significantdif-
ference in the weight lore between powder compacts
prepared by different methods. Figure 8 shows the
mean recorded weight loss of the powder compacts
in the temperature interval studied along with the
meanfractional shrinkage for comparison. The result-
ing weight loss curve (fig. 8) roughly parallels those
obt_ned from TGA (fig. 2, ref. 4).
Figure 9 shows XRD diffxactograms of an ABS pow-
der after isothermal treatments. The powders were
amorphous up to a temperature of _ 864°C where-
upon an ordering in the structure is evident by the
appearance of broad diffraction lines. The diffraction
lines at 20 values of approximately 38 and 45 o in the
low temperature patterns were attributed to the de-
composition products of zinc stearate, the die lubri-
cant. These peaks were not present in XRD patterns
of the same powders run before compaction. Intensi-
ties of the diffraction lines increased with increasing
temperature corresponding to the formation of a more
coherent lattice. Figure 10(a) shows the XRD pattern
and d-spacings of major diffraction lines in II.ABS.2
after 1 h at 1400°C. This XRD pattern/s typical of a/1
ABS powders and indicates that no significant struc-
tural change occurred from 1184°C to 1400°C with the
exception of additional grain growth.
Figure 10(b) shows the stick patterns of three candi-
date phases that were identifed in the ABS powders
(ref. 8). Mullite and aluminum borate are equilibrium
compounds as indicated in the phase diagram of fig-
ure 1 (ref. 4). Many of the diffraction lines of the
candidate phases have the same or nearly the same
d-spacing. Line superposition and the fact that agree-
ment is obtained for some d values but not for all the
corresponding intensities permit only tentative iden-
tilication of a mnltiphaaic structure (ref. 9). The at_
sence of some lines, e.g., da,kj ---- 2.21 of mullite, and
the lack of agreement in intensities suggests that this
phase is metastable. Clearly, the ABS powders are
multiph_sic above 1000°C with a pseudo-mullite struc-
ture being the most abundant. It is noteworthy that
no 2A]203.B203 was detected in any of the powders
as predicted in the phase diagram.
Crystaliite size annlysis was undertaken based on the
Scherrer technique using the diffraction line at 26.402
degrees two theta and a value of 0.94 as the calibration
constant. The values shown in table 2 were determined
after 1 h at the indicated temperature. The _-
lites have a breadth initially of the order of 10 nm --
close to that reported as the ultimate particle size in
alkxdde gels (ref. 10). Crystallite size increased with
increasing temperature in all powders.
The IR spectra of I.ABS.1 and II.ABS.2 for various
temperatures are shown in Figures ll(a) and (b), re-
spectively. The characteristic absorptions and their
assignments are shown in figure 11 (a) (refs. 11-13).
These figures illustrate the major differences found in
the IR spectra of the synthesized powders. The in-
tensity of the absorption band at "a" gradually di-
minished with in_g temperature and shifted to
a lower frequency. The band at "b" decreased with
increasing temperature. Neither of these bands ap-
peared in the powders at 845°C. The weak absorption
band at _a" is still present in the IR spectra at tem-
peratures greater than 690°C, but it was also present
in the IR spectrum of the blank KBr disc and there-
fore is not related to the structure of the ABS powder.
At 864°C these bands reappear in ASB based material
and once again are absent at higher temperatures.
The fractured surface of a green powder compact
pressed from .kiP based ABS powder is shown in fig-
ure 12(a) and (c). Figure 12(b) and (d) shows micro-
graphs of an AIP based powder compact after expo-
sure to 1184°C for 1 h. Likewise, green ASB based
powder compacts are shown in figure 13(a) and (c)
while figure 13(b) and (d) shows an ASB based pow-
der compact after 1 h at 1184°C. The particulate na-
ture of both AIP and ASB based powder compacts
is dearly apparent from these n_crographs. Particle
growth and coalescence is also evident from compar-
ison of the higher magnification micrographs before
and after firing. Particle growth appears from the
micrographe to be of similar magnitude in both/LIP
and ASB powders. The particles measure less than
a micron after compaction and _ lpm after firing at
1184°C for 1 h.
Powder Compact Properties
Mean apparent density, bulk density, and microhard-
ne_ measurements of the powder compacts were per-
formed after selected heat treatments. Bulk density of
the powder compacts initially decreased slightly with
increasing temperature as shown in figure 14. Brinker
et aL (ref. 14) have reported similar behavior but also
observed a decrease in apparent density accompanyin_
the decrease in bulk density. They attributed this ,"
desorption of physica/]y adsorbed water and solvec'..,
fxom the gel and to pyrolysis of unhydrolyzed alkaxy
groups. No such decrease was observed in the appar-
ent density of ABS powder compacts as the powders
had already been subjected to heat treatment (2 h at
3
600°C) during which the apparent density increased by
28% (ref. 4). The powder compacts increased in bulk
density by 80% and in apparent density by approxi-
mately 32%. Thus, powder compact densification was
characterized by a large decrease in volume by skele-
tal shrinkage with a gradual elimination of porosity.
According to the rule of mixtures 55% of theoretical
density was obtained after 1 h at 1184°C.
Vickers microhardnem testing was conducted on
II.ABS.I powder compacts fired at selected temper-
atures for 1 h within each major region of shrinkage.
As shown in figure 15, the hardness increased with
increasing temperature up to 864°C. Above this tem-
perature the hardness value drops to that meMured
at 845°C. There was only a slight additional increase
in hardness at higher temperatures. Firing the ABS
powder compacts in the region of viscous flow resulted
in the highest values of hardness.
Discussion
The intercept of IOg(AL/Lo) vs. log t plots with the
ordinate is the logarithm of the material constant K.
This constant is dependent on temperature and the na-
ture of the material. The activation energy required
for densification may be calculated by amuming K
obeys an Arrhenius relationship, that is
X = Koezp(-Q/RT) (2)
where Ko is a constant, Q the activation energy, and T
the absolute temperature. A log K vs. 1/T plot yields
a straight line with -0.43Q/R slope. However, to ap-
ply equation (2), the shrinkage coefficient n in equa-
tion (1) must be a constant. Within exp_imental er-
ror, this is the case for regions C and E and these plots
provided straight lines from which Q was calculated.
Densification in region D was attributed to viscous flow
for which n in equation (I) equals one. The decreasing
shrinkage rate that is observed in figure 5(a) prevented
the application of equation (2). However, s/nee sinter-
ing occurred by viscous flow, CHR experiments were
applied using Prenkel's model in the following form:
AL = (3)Lo
where 7 is the ma4aco energy, r the particle radius,
and q the viscosity. Assuming that q ffi Ae=p(Q/RT)
where A is the frequency factor sad expreesing the
heating rate by v ffi dT/dt, equation (3) becomes
=  p(-0/Ry) (4)
If "fand A are independent of temperature, this equa-
tion can be integrated and becomes (refs. 5 and 15)
= (5)
A plot of Iog(AL/Lo. 1/T 2) vs. 1/T for region D was
linear and gave a slope of -0.43Q/R from which Q was
calculated. Because no single mechanism was respon-
sible for denslflcation in any one region, the calculated
Q's are apparent activation energies. These values are
tabulated in table 3.
Values ranging from 29-91 kJ/mol were calculated for
region C. These values are in close agreement with
those previously reported in other gel systems. Prss-
sas (ref. 5 calculated activation energies from 21 to
42 kJ/mol for a silica aerogel in the temperature range
500-850°C. These values are of the same order of mag-
nitude as those for the condensation reaction
2H4SiO4 ---*H6Si_07 + 1120 (6)
The activation energies listed in table 3 for viscous
flow are low, but not unusually so, for gel-derived
materials. For silica aerogeis Prassas calculated a
value of 368 kJ/mol from CHR dilstometry. Brinker
et aL (ref. 16) reported activation energies ranging
from 125 to 510 kJ/tool for viscous flow of an acid-
catalyzed boro_licate gel. This wide range was found
to be linearly related to the hydroxyl content of the
gel. Differing values of activation energies are reported
for the viscous flow of fused silica due to this resid-
ual hydroxyl content. Prasus (ref. 15) reported val-
ues between 502 to 711 kJ/mol corresponding to hy-
droxTl concentrations of 1300 to 3 ppm, respectively.
Orgaz-Orgaz (ref. 5) reported 710 kJ/tool, comparable
to the value accepted for pure fused silica, for base-
catalyzed sRica gels. Activation energies for viscous
flow are also dependent on composition. Orgvz-Orga¢
also reported activation energies of viscous flow for sin-
tered colloidal gel-derivsd glm of 598 kJ/mol for
pure SiO_ and 460 kJ/toolfor silica with 3 wt% B_O3
added. Apparent activation energies for region E ave
midway between those of regions C and D. No signifi-
cant difference could be a_igaed to the activation en-
ergies of this region. It is noteworthy that II.ABS.I
consistently exhibited virtually no shrinkage except
at 1184°C in region E and hence its value c: _=_psr-
eat activation energy is not included in tab_, 3 for
this region. In contrast to this densification behav-
ior is II.ABS.2, which exhibited nearly four times the
amount of shrinkage as I.ABS.1 after 1 h at 1146°C
as shown in Figures 6 and 16. The activation energies
calculated in this range are considerably less than the
593--627 kJ/mol reported for solid state diffusion sin-
tering (ref. 15). Therefore the densification in region E
must result from several competing mechanisms.
Evaluation of Regions B and C
The mean coefficients of shrinkage reported for re-
gion C in table I show that a common mechanism
exists for all methods with an overall mean value of
n -- 0.74. The mechanism(s) operative in region B
apparently were still operative in region C as the dif-
ference in the means of the two regions is insignifi-
cant. From observations made in region B, it is appar-
ent that capillary contraction contributed to shrinkage
in this region. However, this mechanism would have
been active during pre-calcination of the powders and
should have been exhausted at this point. Observed
weight loss data in region B for the ABS powder com-
pacts (fig. 8) show a rapid decrease between 25 and
300°C. This weight lossisconcurrent with a slightin-
creaseinapparent densityand a slightdecreaseinbulk
density(fig.14). IR spectrashow a decreasingabsorp-
tion due to water and hydroxyl ions as they are be-
ing slowly evolved in thistemperature range (fig.11).
These observationscould be due to atmospheric mois-
turebeing physicallyadsorbed onto the highlyreactive
surfaceof the powders afterpre-calcination.The va-
porizationof this water accounts for the initial high
weight loss observed in figure 8. The diffusion of wa-
ter from the powder compact was responsible for the
higher rates of densification at the lower temperatures
of region B. As this water is gradually depleted, the
dominant densification mechanism changes to conden-
sation reactions already in progress. This also explains
why no initial decrease in apparent density was ob-
served in the temperature range corresponding to the
decrease in bulk density. The skeletalstructurehad
already been developed for the most part during the
pre-calcination stage of processing as was evidenced by
the 28% increase in apparent density (ref.4). The_-
fore,additionalfiringof the powder compacts at the
temperatures of region B had little effect on apparent
density. The changes in apparent density do not come
about until su_cient energy is available to drive addi-
tional c_,densation reactions. The required energies
are _ m table 3.
The shrinkage coefficient of region C is too large for the
densification mechanism to be due to condensation re-
actions alone. It is well established that condensation
reactionsare diffusioncontrolledwhere n = 0.5 (ref.7).
Therefore,densificationinthisregionisdue to atleast
one other mechanism actingin concertwith condensa-
tion.The continued weight lossthroughout thisregion
(fig. 8) is due to the elimination ofcondensation reac-
tionby-prodncts.Another possiblecontributingmech-
anism isstructuralrelaxation.Structuralrelaxationis
achievedby the diffusivemotions ofatoms without the
expulsion of water or other species. Itoccurs as the
gel structure seeks a configuration more characteristic
of the corresponding metastable liquid. Brinker et al.
(ref. 16) reported structural relaxation in a borosih-
cate gel in the temperature interval 400°C--525°C. If
the gels have different structures at the onset, then
the contribution of structural relaxation will differ, the
shrinkage coefficients will differ, and the activation en-
ergies will differ. A mechanism which assists the struc-
ture in seeking a more stable state will increase the
rate of densification and therefore increase the shrink-
age coefficient and decrease the activation energy, as
was observed in region C. Structural relaxation would
further densify the skeletal structure resulting in an
inerease in apparent density as observed in figure 14.
The slight decrease in bulk density in regions B and
C show that the weight loss was slightly greater than
the volume contraction.
Evalution of Region D
Viscous flow in the ABS powders occurred in the nar-
row temperature range of 800°C to the crystalline
transformation temperature (Tt). It is obvious from
figure 5 that shrinkage in this region was very sensitive
to temperature as is the case for vitrification processes.
Generally, greater shrinkage occurred at temperatures
near T_ than near Tt. This is particularlyevident
in the 875°C experiment (fig.5(a)).Only 2% shrink-
age was observed at this temperature and all of this
shrinkage occurred within the first five minutes of the
run.
Figure 14 shows that a rapid increase in bulk density
occurred from 690 to 845°C while the apparent den-
sity increased more gradually. Little weight loss was
recorded in this temperature range (fig. 8). The inflec-
tion of the lower curve of figure14 was due to a sharp
decrease in the bulk volume with little loss in weight.
Compared to regionC, the weight lossinregionD was
minimal so condensation reactionsapparently did not
contributesubstantiallyto thisshrinkage.A rapid re-
duction inthe bulk volume due to the collapseofopen
pores could account for the observed changes in prop-
erties. These observations are characteristic of viscous
flow.
The deviation of region D shrinkage data from ideal
viscous sintering, as modeled by Frenkel, appeared to
result from increasing viscosity. Similar behavior in
the viscous sintering of alkozide-derived gels has been
reported (refs. 7 and 16). The viscosity of glass is
dependent on the hydroxyl content and temperature.
The viscosity decreases with increasing OH- concen-
tration. Retained water and hydroxyls in the ABS
gels up to 690°C was evident from the IR spectra of
figure 11(a) and (b). It has been shown that increns-
ing the water content depresses Tg (ref. 17). Figure 3
of reference 4 shows a change in slope from DTA for
all methods at about 8350C wlfich was indirectly at-
tributed to Tg. Because similar behavior was oberved
in the DTA, it was assumed that the OH- concentrs-
tion was equal for all powders. Hence the water and
hydrcacyls retained upon entry into region D provided a
viscosity sufficient for ideal viscous sintering. As sin-
tering proceeded, the OH- concentration decreased,
increasing the viscosity and dampening the shrinkage
rate.
Brinker et _ (re£ 16) pointed out that structural re-
laxation as well as the condensation of hydroxyls can
occur during viscous aintering and have an important
influence on the rate of shrinkage. His estimates for a
borosflicate alkoxide gel at 525°C suggests that struc-
tural relaxation may cause a significant fraction of the
viscosity increase, but that changing hydroxyl ion con-
tent is probably the dominant factor. Relaxation will
cause smaller changes in shrinkage during isothermal
conditioning (soak) at higher temperatures as relax-
ation will occur during heating to the soak temper-
ature. However, hydroxyl loss will be less at higher
temperatures as they are continuously evolved during
the ramp to the isothermal hold temperattwe. Be-
cause structural relaxation and condensation mecha-
nisms were active in region C prior to the onset of
cous flow, it was concluded that both mechanisms were
active in region D. The data accumulated from this
region suggest that residual OH- was more influential
than structural relaxation. Because there were fewer
hydroxyls at the higher temperatures of this region,
the viscosity increased more rapidly. This resulted in
less shrinkage than that observed at lower tempers-
tures. The 111 spectrum for ASB based powders shows
that this process trapped some water and hydroxyls
within their structure. This suggests that the ASB
based compacts were initially more dense than the
AIP and could account for the factor-of-four difference
in the extent of shrinkage due to viscous flow. The
morphologies of the ASB and AIP base agglomerates
(fig. 4, ref. 4) also supports this observation.
There is one other pertinent feature in region D from
the IR spectra. This is the gradual elimination of the
absorption band at 1415 cm -1 "c" assigned to B-O-Si.
This adsorption rapidly decreases in the short temper-
ature interval of 845 °-864° C. This is indicative of bond
cleavage in the B-O-Si network during viscous sinter-
ing and the dissolution of Si +4 and B +3 into a phase-
separated glass. The result appears to be the forma-
tion of a boria-rich and silica-rich glass that would
surround the aluminum borate and mullite crystalline
phases.
Evaluation of Region E
The overall mean value of n for region E is 0.73, nearly
equal to that of region C. The apparent activation en-
ergy, however, is considerably higher. The transition
from region D to region E was marked by an abrupt
decrease in shrinkage as indicated in figure 2. XRD
showed that an ordered phase crystallized at the tem-
peratures corresponding to this transition. Analysis of
CHR data revealed the temperature of this transfor-
mation within _2eC. It was found that for Method I
powders Tt ffi 888°C while for Method II powders
T, = 895°C.
A comparison of figures 6 and 16 shows that the shrink-
age in compacts made from ASB was considerably
greater than those from AIP. The shrinkage incurred
in this region however, was the least of all regions ex-
amined. Powder compacts with ALP as an aluminum
precursor exhibited no measurable shrinkage at 950°C
whereas those from ASB did. Oddly enough, the
greatest shrinkage for all compacte occurred at 1146°C
rather than the higher temperature of 1184°C. This is
reflective of earlier densification behavior, specifica]]y
that in regionC.
The differencesamong the synthesismethods in this
regionseem to be due tothe remnants ofstructuraldif-
ferencesfrom earlier deusitlcation. It is thought that
the various structures incorporated the boria precur-
sor in the polymeric network at different rates which in
turn determined the type and extent of axygewboron-
axysen-metal linkage, formed. At high temperatures
this affected the amount of boria that entered into
6
the phase-separated glass and crystalline phases. The
powder compacts relatively abundant (ref. 2) in boron-
rich glass underwent more deusification in region E
due to viscous sintering than those with less. Also the
vapor pressure of boria over a boron-rich glass phase
would be higher than that in a silica-rich glass phase.
This may explain the increase in weight loss observed
at the higher temperatures of this region as shown in
figure 2 (ref. 4) and figure 8. Figure 4 (ref. 4) shows
that ASB based powder compacts contained more of
a glassy phase than did the AIP based material and
because of the effects just described could account for
the observed behavior in this region.
The micrographs of figures 12 and 13 as well as the re-
suits of the previously mentioned crystallite size analy-
sis showed that grain growth occurred in this region as
well. The values of Q are too small to be due to grain
growth alone and the shrinkage coefficients are too
large to be due to solid state di_usion (0.3 < n <0.5)
(refs. 5 and 18). Therefore, deusi6cation in region E is
due to a competition between grain growth and boria
assisted viscous sintering.
was caused by several competing mechanisms. Grain
growth and boria fluxed viscous flow were probably
the dominant mechanisms here.
All powders crystallized a multiphasic structure con-
sisting of a phase separated glass and nonequilibrium
forms of mullite, aluminum oxide borate and alu-
minum borate at Tt. ABS powder compacts increased
in bulk density by 80% and in apparent density by
32%. Hardness measurements paralleled trends in bulk
density with the greatest hardness appearing in re-
gion D.
The behavior shown here is reflective of the differ-
ent polymeric networks established during synthesis
and their domination of physical processes at elevated
temperatures. It appears that the ABS powders re-
tained these structural variations at temperatures ap-
proaching the fusion point (_ 0.85 Tm for II.ABS.2).
Such information could be used in designing ABS ms.
terials with tailored thermochemical properties other-
wise unattainable in conventional powders for high-
temperature applications.
Summary
Aluminoborosilicate powders with the molar ratio
3:1:2 (A12Os.B2Os.SiO2) were prepared by the sol-gel
route.Structuralirregularities incorporated into the
gels by these methods resulted in diverse densification
behavior at low, intermediate, and high temperatures.
Five regions of densification were observed in the tem-
perature range 25-1184°C for all powders. The re-
gions were labeled A-E from low to high tempers.
ture. Region A (25-100°C) was probably due to cap-
illarycontraction.Thiswas not observeddirectlybe-
cause it occurred during the pre-calcination stage of
processing.Hence, the observedregionA was inert
having no shrinkage and no measurable weight loss.
Region B (100-400°C) was due to the elimination
of adsorbed water and condensation reactions. Re-
gion C (400-800°C) resulted from condensation reac-
tions and structuralrelaxation.Deusificationi re-
gionD (800-Tt)was from viscoussintering.Shrink-
age in this region decreased with increasing viscos-
ity. The increaseinviscosity was attributed primarily
to a decrease in the [OH-] during sintering. Gener-
ally, greater shrinkage was observed at temperatures
nearertoTg thanthosenearTt. B-O-Sibond disrup-
tionoccurredinthisregionand indicatedthe forms,
tion of a phase-separated glass, region E (Tt-II84°C)
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Table1.MeancoeffidentsofshrinkageforregionsB, C,and E from isothermal TDA of ABS powder compacts
Method Shrinkage coefficient, n
Region B Region C Region E
I.ABS.1 0.65 0.81
I.ABS.2 0.77 0.67
II.ABS.1 0.87
H.ABS.2 0.70 0.68 0.72
Table 2. Crystallite size variation with temperature in synthesized ABS powders
Temperature, °C CrystaUite size, A
I.ABS.1 I.ABS.2 II.ABS.1 H.ABS.2
864 90 99 99
1649 110 108 110 108
1184 137 150 120 145
Table3. Apparent activationenergiesformajor regionsofshrinkageinsynthesizedABS powders
Method Activationenergy,kJ/mol
RegionC Re, on D RegionE
I.ABS.I 29 489 232
I.ABS.2 55 414 254
H.ABS.I 91 410
H.ABS.2 54 448 298
9
ABS
POWDER
COMMINUTION
iiP_E_ALC'"AOO"II800°C, 2 h, In air
SCREEN
80 Mesh I ZINC STEARATE(Die Lubricant) J
II- liCOMPACTION0.80 g, 5 rain.100 - 180 MPa
r,owo.Ac'_--c_i
_ o.-R°,._ FI
f ABS
[ POWDER COMPACTS |
LEGEND
( MATERIALS l
UNIT [OPERATION
Figure1.Flow diagramofpostsynthesisprocessingofABS powders.
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Figure 2. Linear shrinlm@e of ABS powder compacts showing five regions of shrinkage.
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Figure 3. Isothermal shrinkage plots for H.ABS.2 region B; (a) linear shrinkage vs. time, (b) log linear shrinkage
vs. log time.
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Figure 4. Isothermal shrinkage plots for I.ABS.2 region C; (a) linear shrinkage vs. time, (b) log linear shrinkage
vs.logtime.
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Figure 5. Isothermal shrinkage plots for I.ABS.1 region D; (a) linear shrinkage vs. time, (b) 'log linear shrinkage
vs. log time.
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Figure 7. Variation in shrinkage of ABS powder compacts after exposure to the indicst_i temperature for I h.
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Figure 8. Mean recorded weight loss and fractional shrinkage of ABS powder compacts after 1 h at
temperature.
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Figure 9. X-P,sy dif_action patterns of II.ABS.2 after 1 h a¢ temperature. Numbers in pattern indicste temper-
ature in °C.
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Figure 10. (a) X-Ray diffraction pattern of II.ABS.2 after 1 h at 1400°C showing intensity and d-spacing of
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in the ABS powders.
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